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Outline
• Dark Matter could well be a part of a whole new sector. How would we 

know? 

• Non-gravitational phenomenology of DM is dictated by nature of 
interaction. 

• Photon portal: neutrino experiment searches, direct detection, 
…

• Higgs portal: rare meson decays, invisible Higgs, direct detection, 
… 

• Neutrino portal: x-rays, neutrino-neutrino scattering, late kinetic 
decoupling, …

• Complementarity of Experimental Probes



Most of the Universe’s 
Matter is Invisible



Where is the new physics?
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Need a multi-pronged effort 
to find new physics. 



Lampposts and BSM

Implications of the lamppost :

1) We have a lot of lampposts nowadays. Exploit synergies, 
complementarities.

2) Well-motivated & “cheap” new lampposts?  
3) Might find interesting new physics beyond original intent.
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X

X̄

DM 
annihilation

lighter  
particles

h�vi



DM as a Thermal Relic
• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

early

X X

lighter  
particles

h�vi



DM as a Thermal Relic
• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

early

X X

less dense

X X

Universe 
expands

lighter  
particles

h�vi



DM as a Thermal Relic
• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

early

X X

less dense

X X

Universe 
expands

lighter  
particles

h�vi

DM abundance “freezes”

X X

Universe 
expands



X X{
⇢DM / 1

h�vi

Final “freeze-out” abundance

DM as a Thermal Relic
• The early Universe was a hot/dense place. 

X

X̄

DM 
annihilation

lighter  
particles

h�vi



X X{
⇢DM / 1

h�vi

Final “freeze-out” abundance

DM as a Thermal Relic

“WIMP miracle” 

h�vi = 3⇥ 10�26 cm3 s�1

A thermal relic has the 
observed DM abundance if: 

WIMP = Weakly-Interacting Massive Particle

• The early Universe was a hot/dense place. 
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Elegant, compelling,  
but not unique.



What about baryons?

• The amounts of dark and visible matter are 
comparable:

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057
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What about baryons?

• The amounts of dark and visible matter are 
comparable:

• This could be 
•  A remarkable coincidence. 
•  An anthropic selection effect?  [Freivogel (2008)]
•  An indication of an underlying origin.

⌦DMh2 = 0.1109± 0.0056

⌦Bh
2 = 0.002258+0.00057

�0.00056

⌦DM
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Asymmetric DM
(Reviews: Petraki, Volkas [1305.4939]; Zurek [1308.0338])
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ADM “Miracle” Cross Sections

Nicole Bell, Shunsaku Horiuchi, IMS, Phys.Rev. D91 (2015) 2, 023505.

n+ = n�

n+ = 10�1n�

n+ = 10�2n�

n+ = 10�3n�

Michael Graesser, IMS, and Luca Vecchi, JHEP 1110 (2011) 110.
Lin, Yu, Zurek, Phys.Rev. D85 (2012) 063503 . 

• Size of cross section, will yield 
different anti-particle abundances.

• Cross sections needed are 
larger than the symmetric case. 



Questions:
1. How does the requisite 

annihilation occur? 
2. How do we test it? 



Light DM via Light Mediators
• Suppose we like sub-GeV DM but also like Occam, 

and want to just use the SM weak force to yield the 
relic abundance of DM.

[Lee, Weinberg (1977)]
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Light DM via Light Mediators
• Suppose we like sub-GeV DM but also like Occam, 

and want to just use the SM weak force to yield the 
relic abundance of DM.

• To regimes for annihilation: 

h�vi ⇠ g4m2
X

m4
W

[light DM, 
(<<W mass)] 

h�vi ⇠ g4

m2
X

[heavy DM] 

Fails for sub-GeV DM. 

[Lee, Weinberg (1977)]

Simple escape route for sufficient annihilation: light DM is non-Occam! 
Comes with a light mediator to facilitate annihilation.

[Boehm, Fayet (2003)]



Dark Sectors

Standard
Model

Dark
Sector

portal

A dark world hiding alongside our world 
only connected through a “portal” 

interaction (and gravity).

Dark (Hidden) ((Secluded)) Sector Models

[Batell, Pospelov, Ritz (2009)]



Dark Sectors
Dark (Hidden) ((Secluded)) Sector Models

[Batell, Pospelov, Ritz (2009)]

Standard
Model

Dark
Sector

portal
array of new particles–a “hidden” or “dark” sector–shares no gauge interactions with the SM. In

lieu of gauge interactions, the visible and hidden sectors may communicate through gauge invariant

combinations of the fields in the two sectors. At the renormalizable level there are a surprisingly

small number of options for such “portals”

Lportal =

8
>><

>>:

✏Fµ⌫F
0µ⌫
h (photon portal)

h|H
2
||H

2
h| (Higgs portal)

y(LH)N (neutrino portal),

(1.1)

where F 0
µ⌫ , Hh, and N are respectively hidden sector field strengths, Higgses, and fermions. Typically

the impact of each of these portals is separately treated, as each one leads to distinct search strategies.

In this paper we study the impact of the photon portal for light DM, in which the SM photon

kinetically mixes with a U(1) dark photon [1]. The implications of � � �
0 kinetic mixing for DM

has been widely studied [2, 3, 4, 5, 6, 7, 8]. At the phenomenological level, the photon portal gives

rise to two main classes of probes: (1) direct detection signals from DM-proton or DM-electron

scattering, and (2) the production of DM at accelerators and colliders. Given the strong direct

detection constraints, we will focus on the sub-GeV regime for DM. Notice that the strength of the

direct detection constraints for > GeV DM masses is partly thanks to the coherent enhancement of

the DM scattering on the nucleus.

In light of the recent discovery of coherent neutrino-nucleus scattering [9] by the COHERENT

collaboration, we ask what the COHERENT data brings to bear on photon portal models of light

DM. The possibility of producing and detecting light DM at coherent neutrino-nucleus experiments

was was studied in [10]. We additionally study the ability of reactor neutrino experiments like

TEXONO to constrain light DM from their electron recoil events. The mass reach of TEXONO

extends to ⇠ MeV masses, while COHERENT’s stopped pion source can access DM masses out to

⇠ 65 MeV.

The remainder of this paper is organized as follows. In Sec. 2 we introduce the model of study

with a kinetically mixed dark photon interacting with pairs of DM particles. In Sec. 3 we examine

the sensitivity at TEXONO to dark photons produced via, �e� ! V
0
e
�, with V

0 decaying to DM

which then produces electronic recoil events. In Sec. 4 we look at the sensitivity at COHERENT

to producing dark photons from neutral pion decay. At COHERENT the rate is dominated by the

coherently enhanced nuclear recoil events. In Sec. 5 we show the derived COHERENT constraints on

light DM in the context of the existing constraints on light DM finding that COHERENT excludes

previously allowed thermal relic parameter space for . 30 MeV masses. Finally in Sec. 6 we conclude

and comment on the potential for future limits on the model.

2. Light DM with Dark Photon Portal

We assume that the hidden sector U(1) gauge group spontaneously breaks to give the dark photon

V
0
µ a mass. Then the relevant terms of the Lagrangian for DM interacting with a kinetically mixed

2

Only 3 renormalizable portals!
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4 parameters:

● A minimal extension to the Standard Model: 

B. Batell,M. Pospelov,A. Ritz,       Phys.Rev. D 80, 095024 (2009)
P. deNiveville,D. McKeen,A. Ritz, Phys.Rev. D 86, 035022 (2012)

● U(1)D gauge boson (“dark photon”) increases the DM annihilation 
cross section to give the correct relic density.

● Mediator with mass O(10-103 MeV) could resolve the 
(g-2)µ anomaly.

Vg,Z
Dark Sector

Minimal kinetically mixed dark photon

P. Fayet, Phys. Rev. D 75, 115017 (2007) 
M. Pospelov, Phys. Rev. D 80, 095002 (2009)

• For scalar DM, annihilation to SM particles is velocity-dependent 
(p-wave).
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Safe from strong CMB bounds on 
DM annihilation to EM states. 
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Thermal Relic Targets
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be the focus of the remaining discussion.

Since the Feynman diagram that governs direct annihilation (right panel of Figure 3) can be
rotated to yield a scattering process off SM particles, the direct detection cross section is uniquely
predicted by the annihilation rate in the early universe for each choice of DM mass. Thus, direct
annihilation models define thermal targets in the �e vs. m� plane shown in Fig. 4 (left). Since non-
relativistic direct detection cross sections can often be loop or velocity suppressed in many models,
these targets vary by dozens of orders of magnitude in some cases. However, these vast differences
in the direct detection plane mask the underlying similarity of these models in relativistic contexts
where both the scattering and annihilation cross sections differ only by order-one amounts.

To comprehensively study all direct annihilation models on an equal footing, we follow con-
ventions in the literature (see [1]), and introduce the dimensionless interaction strength y as

�v(�� ! A0⇤
! ff) / ✏2↵D

m2
�

m4
A0

=
y

m2
�

, y ⌘ ✏2↵D

✓
m�

mA0

◆4

. (2)

This is a convenient variable for quantifying sensitivity because for each choice of m� there is
a unique value of y compatible with thermal freeze-out independently of the individual values
of ↵D, ✏ and m�/mA0 . On the right panel of Fig.4 we show thermal targets for various direct
annihilation models plotted in the y vs m� plane. Although these are the same models shown on the
left panel of this figure, this parametrization reveals the underlying similarity of these targets and
their relative proximity to existing accelerator bounds (shaded regions). Reaching experimental
sensitivity to these benchmarks for masses between MeV – GeV would provide nearly decisive
coverage of this class of models [88].

The viable choices for � (which vary according to spin and type of mass) whose relic density
arises from direct annihilation can be simply enumerated

• Majorana Dark Matter: In this scenario, � is a Majorana fermion. It therefore couples
through an axial-vector current

Jµ
D =

1

2
��µ�5�, (3)

which introduces velocity dependence in nonrelativistic scattering processes �scat / v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the upper left panel of Fig. 5.

• “Pseudo” Dirac Dark Matter: The DM � can be a Dirac fermion. If the mass term for �
is U(1)D preserving, then the model is already constrained by CMB data, unless there is a
particle-antiparticle asymmetry. If the mass terms for � include U(1)D breaking (by analogy
to the SU(2)W breaking mass terms of particles in the Standard Model), then � splits into
two Majorana fermions (in the mass basis) which couple off-diagonally to the A0 through

Jµ
D = i�1�

µ�2 (mass basis). (4)

as well as a small diagonal axial current coupling to the A0. The thermal target and parameter
space for this model are presented in the upper right panel of Fig. 5.

• Scalar Elastic: In this scenario, � is a complex scalar particle with U(1)D preserving mass
terms, and current

Jµ
D ⌘ i(�⇤@µ� � �@µ�⇤). (5)
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FIG. 3: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define experimental targets for discovery or
falsification (see Fig. 5).

• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains

L � �
1

4
F 0µ⌫F 0

µ⌫ +
m2

A0

2
A0

µA
0µ

� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains
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where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
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f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.

9

15

(a) (b) (c)

mA�

mA� = 2m�mA� = m�

A�

f+

f�

A�

f+

f�

f+

f�

A�

�

�̄

f+

f�

A�

�

�̄

A�

A�

�

�̄
A�

�

�̄

�v / ↵2
D �v / ✏2↵D �v / ✏2↵D

FIG. 3: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define experimental targets for discovery or
falsification (see Fig. 5).

• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains

L � �
1

4
F 0µ⌫F 0

µ⌫ +
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A0

2
A0

µA
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� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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be the focus of the remaining discussion.

Since the Feynman diagram that governs direct annihilation (right panel of Figure 3) can be
rotated to yield a scattering process off SM particles, the direct detection cross section is uniquely
predicted by the annihilation rate in the early universe for each choice of DM mass. Thus, direct
annihilation models define thermal targets in the �e vs. m� plane shown in Fig. 4 (left). Since non-
relativistic direct detection cross sections can often be loop or velocity suppressed in many models,
these targets vary by dozens of orders of magnitude in some cases. However, these vast differences
in the direct detection plane mask the underlying similarity of these models in relativistic contexts
where both the scattering and annihilation cross sections differ only by order-one amounts.

To comprehensively study all direct annihilation models on an equal footing, we follow con-
ventions in the literature (see [1]), and introduce the dimensionless interaction strength y as

�v(�� ! A0⇤
! ff) / ✏2↵D

m2
�

m4
A0

=
y

m2
�

, y ⌘ ✏2↵D

✓
m�

mA0

◆4

. (2)

This is a convenient variable for quantifying sensitivity because for each choice of m� there is
a unique value of y compatible with thermal freeze-out independently of the individual values
of ↵D, ✏ and m�/mA0 . On the right panel of Fig.4 we show thermal targets for various direct
annihilation models plotted in the y vs m� plane. Although these are the same models shown on the
left panel of this figure, this parametrization reveals the underlying similarity of these targets and
their relative proximity to existing accelerator bounds (shaded regions). Reaching experimental
sensitivity to these benchmarks for masses between MeV – GeV would provide nearly decisive
coverage of this class of models [88].

The viable choices for � (which vary according to spin and type of mass) whose relic density
arises from direct annihilation can be simply enumerated

• Majorana Dark Matter: In this scenario, � is a Majorana fermion. It therefore couples
through an axial-vector current

Jµ
D =

1

2
��µ�5�, (3)

which introduces velocity dependence in nonrelativistic scattering processes �scat / v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the upper left panel of Fig. 5.

• “Pseudo” Dirac Dark Matter: The DM � can be a Dirac fermion. If the mass term for �
is U(1)D preserving, then the model is already constrained by CMB data, unless there is a
particle-antiparticle asymmetry. If the mass terms for � include U(1)D breaking (by analogy
to the SU(2)W breaking mass terms of particles in the Standard Model), then � splits into
two Majorana fermions (in the mass basis) which couple off-diagonally to the A0 through

Jµ
D = i�1�

µ�2 (mass basis). (4)

as well as a small diagonal axial current coupling to the A0. The thermal target and parameter
space for this model are presented in the upper right panel of Fig. 5.

• Scalar Elastic: In this scenario, � is a complex scalar particle with U(1)D preserving mass
terms, and current

Jµ
D ⌘ i(�⇤@µ� � �@µ�⇤). (5)
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hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define experimental targets for discovery or
falsification (see Fig. 5).

• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains

L � �
1

4
F 0µ⌫F 0

µ⌫ +
m2

A0

2
A0

µA
0µ

� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains
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1

4
F 0µ⌫F 0

µ⌫ +
m2

A0

2
A0

µA
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� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains
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µ⌫ +
m2

A0

2
A0

µA
0µ

� A0
µ(✏eJ

µ
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D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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• Production in high-energy collisions and detection by scattering.
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• Production in high-energy collisions and detection by scattering.

Event rate:   ~             ,  for                            (invisible decay of V).Main assumption, light mediator can decay to DM: 

Total event rate~  (branching )x(DM-N cross section) : 

DM annihilation rate: ⇠ ✏2↵D

⇠ ✏4↵D

[Batell, Pospelov, Ritz, 0906.5614,
MiniBooNE 1702.02688]
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FIG. 2. DM production channels relevant for this search
with an 8 GeV proton beam incident on a steel target.
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FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.
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● Reduce n production by steering beam 
to miss the target (horn powered off).

● Beam impacts on the beam dump

● Charged mesons absorbed in the steel 
beam dump before decay  reduces �
the neutrino flux. MiniBooNE target assembly

Beam Dump (Off Target) mode

A Light DM Beam

• Rather than reanalyze old data, this was first dedicated search of this type! 
No longer need to trust theorists. 

MiniBooNE in “off-target” mode

• Instead of impacting the Beryillium target, the 8 GeV protons are 
steered off-target to steel target. 

-> Greatly suppresses nu’s from in-flight meson decay

[1702.02688]
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as

• Data consistent with bkg. only
• Systematics dominated.
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FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as

• Data consistent with bkg. only
• Systematics dominated.
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FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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to < 1% at 50 MeV. In addition, the nucleons in carbon
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further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
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from the MB simulation which does account for those
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shape with each mV and m�. These DM simulation
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scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
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the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
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by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for
Er,nr,

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(")
, (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult,
and relatively few exist [28–30]. The SuperCDMS
Collaboration has a campaign planned to directly
measure the nuclear-recoil energy scale for germanium
(and silicon) down to very low energies, since this will
be required for the upcoming SuperCDMS SNOLAB
experiment.

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode dur-
ing two operational periods, Run 1 in 2012 and Run 2 in
2014.2 The initial analyses of these data sets, published
in Refs. [11, 12], respectively, applied various selection
criteria (cuts) to the data sets and used the remain-
ing events to compute upper limits on the SI WIMP-
nucleon interaction. These limits were computed using
the optimum interval method [31], the nuclear form fac-
tor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �SI

N is related to �SI
0

in Eq. 1 as

�SI
0

= (AµT /µN )2 �SI

N , where µN is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d (9.56 kg d raw),
the experiment reached the SI sensitivity shown in Fig. 3
(labeled “Run 1”), which was world leading for WIMPs
lighter than 6 GeV/c2 at the time of publication [11].

2 Only a single detector was operated for each run due to limita-
tions of the Soudan electronics and to preserve the live time for
the standard iZIP data taken concurrently.
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Figure 3. Spin-independent WIMP-nucleon cross section 90%
upper limits from CDMSlite Run 1 (red dotted curve with
red uncertainty band) [11] and Run 2 (black solid curve with
orange uncertainty band) [12] compared to the other (more
recent) most sensitive results in this mass region: CRESST-
II (magenta dashed curve) [33], which is more sensitive than
CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and PandaX-II
(green dot-dashed curve) [34], which is more sensitive than
CDMSlite Run 2 for mWIMP & 4 GeV/c2. The Run 1 un-
certainty band gives the conservative bounding values due to
the systematic uncertainty in the nuclear-recoil energy scale.
The Run 2 band additionally accounts for the uncertainty on
the analysis e�ciency and gives the 95% uncertainty on the
limit.

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge-activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum at 8.89 keVee [24].
The 65Zn was created by cosmic-ray interactions, with
production ceasing once the detector was brought under-
ground in 2011, and decayed with a half-life of ⌧1/2 ⇡

244 d [35]. The analysis threshold was set at 170 eVee to
maximize dark matter sensitivity while avoiding noise at
low energies (see Sec. III C). To compute upper limits, the
conversion from keVee to keVnr was performed using the
standard Lindhard-model k value (Eq. 9) of 0.157. Limits
were also computed using k = 0.1 and 0.2, chosen to rep-
resent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because
of the lower analysis threshold, decreased background,
and a larger exposure of 70.10 kg d (80.25 kg d raw), the
experiment yielded even better sensitivity to the SI in-
teraction than Run 1 [12], as shown in Fig. 3 (labeled
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be the focus of the remaining discussion.

Since the Feynman diagram that governs direct annihilation (right panel of Figure 3) can be
rotated to yield a scattering process off SM particles, the direct detection cross section is uniquely
predicted by the annihilation rate in the early universe for each choice of DM mass. Thus, direct
annihilation models define thermal targets in the �e vs. m� plane shown in Fig. 4 (left). Since non-
relativistic direct detection cross sections can often be loop or velocity suppressed in many models,
these targets vary by dozens of orders of magnitude in some cases. However, these vast differences
in the direct detection plane mask the underlying similarity of these models in relativistic contexts
where both the scattering and annihilation cross sections differ only by order-one amounts.

To comprehensively study all direct annihilation models on an equal footing, we follow con-
ventions in the literature (see [1]), and introduce the dimensionless interaction strength y as

�v(�� ! A0⇤
! ff) / ✏2↵D

m2
�

m4
A0

=
y

m2
�

, y ⌘ ✏2↵D

✓
m�

mA0

◆4

. (2)

This is a convenient variable for quantifying sensitivity because for each choice of m� there is
a unique value of y compatible with thermal freeze-out independently of the individual values
of ↵D, ✏ and m�/mA0 . On the right panel of Fig.4 we show thermal targets for various direct
annihilation models plotted in the y vs m� plane. Although these are the same models shown on the
left panel of this figure, this parametrization reveals the underlying similarity of these targets and
their relative proximity to existing accelerator bounds (shaded regions). Reaching experimental
sensitivity to these benchmarks for masses between MeV – GeV would provide nearly decisive
coverage of this class of models [88].

The viable choices for � (which vary according to spin and type of mass) whose relic density
arises from direct annihilation can be simply enumerated

• Majorana Dark Matter: In this scenario, � is a Majorana fermion. It therefore couples
through an axial-vector current

Jµ
D =

1

2
��µ�5�, (3)

which introduces velocity dependence in nonrelativistic scattering processes �scat / v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the upper left panel of Fig. 5.

• “Pseudo” Dirac Dark Matter: The DM � can be a Dirac fermion. If the mass term for �
is U(1)D preserving, then the model is already constrained by CMB data, unless there is a
particle-antiparticle asymmetry. If the mass terms for � include U(1)D breaking (by analogy
to the SU(2)W breaking mass terms of particles in the Standard Model), then � splits into
two Majorana fermions (in the mass basis) which couple off-diagonally to the A0 through

Jµ
D = i�1�

µ�2 (mass basis). (4)

as well as a small diagonal axial current coupling to the A0. The thermal target and parameter
space for this model are presented in the upper right panel of Fig. 5.

• Scalar Elastic: In this scenario, � is a complex scalar particle with U(1)D preserving mass
terms, and current

Jµ
D ⌘ i(�⇤@µ� � �@µ�⇤). (5)

Same canonical 
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be the focus of the remaining discussion.

Since the Feynman diagram that governs direct annihilation (right panel of Figure 3) can be
rotated to yield a scattering process off SM particles, the direct detection cross section is uniquely
predicted by the annihilation rate in the early universe for each choice of DM mass. Thus, direct
annihilation models define thermal targets in the �e vs. m� plane shown in Fig. 4 (left). Since non-
relativistic direct detection cross sections can often be loop or velocity suppressed in many models,
these targets vary by dozens of orders of magnitude in some cases. However, these vast differences
in the direct detection plane mask the underlying similarity of these models in relativistic contexts
where both the scattering and annihilation cross sections differ only by order-one amounts.

To comprehensively study all direct annihilation models on an equal footing, we follow con-
ventions in the literature (see [1]), and introduce the dimensionless interaction strength y as

�v(�� ! A0⇤
! ff) / ✏2↵D

m2
�

m4
A0

=
y

m2
�

, y ⌘ ✏2↵D

✓
m�

mA0

◆4

. (2)

This is a convenient variable for quantifying sensitivity because for each choice of m� there is
a unique value of y compatible with thermal freeze-out independently of the individual values
of ↵D, ✏ and m�/mA0 . On the right panel of Fig.4 we show thermal targets for various direct
annihilation models plotted in the y vs m� plane. Although these are the same models shown on the
left panel of this figure, this parametrization reveals the underlying similarity of these targets and
their relative proximity to existing accelerator bounds (shaded regions). Reaching experimental
sensitivity to these benchmarks for masses between MeV – GeV would provide nearly decisive
coverage of this class of models [88].

The viable choices for � (which vary according to spin and type of mass) whose relic density
arises from direct annihilation can be simply enumerated

• Majorana Dark Matter: In this scenario, � is a Majorana fermion. It therefore couples
through an axial-vector current

Jµ
D =

1

2
��µ�5�, (3)

which introduces velocity dependence in nonrelativistic scattering processes �scat / v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the upper left panel of Fig. 5.

• “Pseudo” Dirac Dark Matter: The DM � can be a Dirac fermion. If the mass term for �
is U(1)D preserving, then the model is already constrained by CMB data, unless there is a
particle-antiparticle asymmetry. If the mass terms for � include U(1)D breaking (by analogy
to the SU(2)W breaking mass terms of particles in the Standard Model), then � splits into
two Majorana fermions (in the mass basis) which couple off-diagonally to the A0 through

Jµ
D = i�1�

µ�2 (mass basis). (4)

as well as a small diagonal axial current coupling to the A0. The thermal target and parameter
space for this model are presented in the upper right panel of Fig. 5.

• Scalar Elastic: In this scenario, � is a complex scalar particle with U(1)D preserving mass
terms, and current

Jµ
D ⌘ i(�⇤@µ� � �@µ�⇤). (5)
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Variations
• Similar bounds from NOvA [deNiverville,Frugiuele (2018)], and 

COHERENT [Ge, IMS (2017)], and future bounds from DUNE-
PRISM [De Romeri, Kelly, Machado (2019)].   


• Dark Tridents in argon detectors [de Gouvea, Fox, Harnik, Kelly, 
Zhang (2018)]. 


• Future Missing energy searches [LDMX]. 


• Also look for other models, e.g. leptophobic vector mediators 
[Dobrescu, Frugiuele (2014)], [Batell, deNiverville, McKeen, 
Pospelov (2014)], [Coloma, Dobrescu, Frugiuele, Harnik (2015)], 
[Frugiuele (2017)], [deNiverville, Chen, Pospelov, Ritz (2017)]. 
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Invisible Higgs Constraints
Combination of VBF, ZH and ggH results at 7, 8 and 13 TeV.
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FIG. 1. Leading Feynman diagrams giving rise to � annihilation in
the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave

�vrel.(�� ! ff̄) =
g
2
�
g
2
f
m

2
�
v
2
rel.

8⇡(m2
�

� 4m2
�
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, (5)

where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2

�
/m

2
�
), for a fixed value of g2

�
g
2
f

(m�/m�)4,
the annihilation rate is independent of the m�/m� ratio or the
individual values of g� and gf . From the parametric depen-
dence in Eq. (5), it is convenient to define a dimensionless
quantity
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so that the annihilation rate �� ! �
⇤

! ff is uniquely spec-
ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires

e ' 10�11

✓
0.1

⌦�h
2
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⌘2
. (7)

Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e

�vrel.(�� ! SM) /
1

m2
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X

f

f =
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X

f

✓
mf

me
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, (8)

1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper

Focus on direct SM 
annihilation
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FIG. 1. Leading Feynman diagrams giving rise to � annihilation in
the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave
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where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2
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), for a fixed value of g2
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(m�/m�)4,
the annihilation rate is independent of the m�/m� ratio or the
individual values of g� and gf . From the parametric depen-
dence in Eq. (5), it is convenient to define a dimensionless
quantity
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so that the annihilation rate �� ! �
⇤

! ff is uniquely spec-
ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires

e ' 10�11

✓
0.1

⌦�h
2

◆⇣
m�

10 MeV

⌘2
. (7)

Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave
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where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2
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), for a fixed value of g2
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the annihilation rate is independent of the m�/m� ratio or the
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so that the annihilation rate �� ! �
⇤

! ff is uniquely spec-
ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires
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Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
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Including all kinematically accessible channels and exploiting
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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FIG. 1. Leading Feynman diagrams giving rise to � annihilation in
the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave

�vrel.(�� ! ff̄) =
g
2
�
g
2
f
m

2
�
v
2
rel.

8⇡(m2
�

� 4m2
�
)2

/ g
2
�
g
2
f

✓
m�

m�

◆4 1

m2
�

, (5)
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Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
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where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2
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ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires
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Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave
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where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2
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ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires
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Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-
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through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
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the observed relic abundance requires
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Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
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1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
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annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
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which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-

Krnjaic, 1512.04119

More on Higgs portal DM from Anastasiia  Filimonova in parallel.
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Neutrino Portal DM
• New fermion singlets are DM = sterile neutrino DM [Dodelson-Widrow (1993)]. 

• New fermion singlets are not DM, but act as messenger between SM and dark sector. 

• Small-scale structure modifications from late DM kinetic decoupling.  
[Dasgupta, Kopp (2015); Cherry, Friedland, IMS (2014); Ipek, McKeen, 
Nelson (2015); Batell, Han, McKeen, Haghi (2017)].

• Neutrino scattering @ IceCube [Cherry, Friedland, IMS (2014,2016)]. 

• Modified neutrino oscillations from ambient DM [Capozzi, IMS, Vecchi 
(2017); Brdar, Kopp, Liu, Prass, Wang (2017); Krnjaic, Machado, Necib 
(2017); Capozzi, IMS, Vecchi (2018)].

• Local DM sources the neutrino mass [Davoudiasl, Mohlabeng, Sullivan 
(2018)]. 



Neutrino masses + DM

Alexander Kusenko (UCLA/IPMU) MPIK 2012

Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

(

i∂µγ
µ) νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

(

0 D3×N

DT
N×3 MN×N

)

What is the natural scale of M?
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• Unlike SM fermions, their # is not constrained by anomaly cancellation.
• Don’t know the number of N’s! 
• Need at least two of them for atm/sol mass splittings N =2. 
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DM from Neutrino Scattering
Dodelson, Widrow (1993)

for the neutrinos are then10:

L = µ

(

φ

v

)

ν̄LνR + MνRνR + h.c. (1)

where φ is the standard model Higgs field with ⟨φ⟩ = v. The usual HDM case,

wherein the active neutrinos constitute the dark matter, corresponds to
{

µ = 92h2eV, M ≪ µ
}

or
{

µ2/M = 92h2eV, M ≫ µ
}

. When sterile neutrinos are the dark matter, the

relevant mass is M . At tree-level, νR couples only to νL and therefore the most

efficient way to produce sterile neutrinos11,12,13 is via oscillations νL → νR. The

probability of observing a right-handed neutrino after a time t given that one starts

with a pure monoenergetic left-handed neutrino is sin2 2θM sin2 vt/L where θM is

the ‘mixing angle’, L is the oscillation length, and v is the velocity of the neutrinos.

In vacuum, and with µ ≪ M (see-saw model) θM = µ/M and L = 4E/
(

M2 − µ2
)

where E is the energy of the neutrinos. In the early Universe, the observation

time t is replaced by the interaction time for the left-handed neutrinos. Recent

work14,15,16 has fine-tuned this picture taking into account the effect of finite den-

sity and temperature on the mixing angle.

Here we are interested in the case where the right-handed neutrinos are pro-

duced at temperatures of order 100 MeV though the production rate is never so

fast that they equilibrate. We begin with the Boltzmann equation for the sterile

neutrinos:
(

∂

∂t
− HE

∂

∂E

)

fS(E, t) =

[

1

2
sin2(2θM (E, t)) Γ(E, t)

]

fA(E, t) (2)

where fS and fA are the distribution functions of the sterile and active neutrinos.

In the epoch under consideration (T ≫ 1 MeV) the left-handed neutrinos are in

thermal equilibrium so that fA =
(

eE/T + 1
)−1

≃
(

ep/T + 1
)−1

. The quantity

in square brackets is the probability per time of an active neutrino converting

into a sterile one16 where we have used the fact that for parameters of interest,

the collision time is always much greater than the oscillation time (i.e. sin2 vt/L

averages to 1/2). The mixing angle and the collision rate are17

sin2(2θM ) =
µ2

µ2 + [(cΓE/M) + (M/2)]2
; Γ ≃

7π

24
G2

FermiT
4E (3)

where c ≃ 4 sin2(2θW )/15α ≃ 26.

4

Oscillations + Collisions in expanding Universe:
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Oscillations + Collisions in expanding Universe:

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
smallness of neutrino masses. In simplified 2⇥2 setup,
the mass matrix takes the form

M =

✓
0 mD

mD mM

◆
, (1)

where mD and mM are the Dirac and Majorana masses.
In the limit that mM � mD, the eigenvalues are mM

and m
2
D
/mM . Thus the heavy state with mass mM can

exist at some large scale, while the second state can be
naturally small since it is suppressed by the largeness of
mM . One can also find that the mixing angle in this
setup is approximately ✓ ' mD/mM .

Here we will explore the implications of a modified
setup in which there are two contributions to the Ma-
jorana mass which are relevant at di↵erent epochs in the
early Universe. To this end, we will restrict our attention
to the following simplified Lagrangian

L � �mDN⌫L �mM N̄
c
N � y�N̄

c
N, (2)

where N is a right handed neutrino, ⌫L is the neutral
component of the lepton doublet, and � is a new SM
singlet scalar. The strength of the interaction between �

and N is controlled by the Yukawa coupling y.
We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.

Then as long as the seesaw relations are obeyed
(CHECK THIS!), the temperature dependent masses and
mixing angle are:

ma ' mD

mM + y�(T )
, (3)

ms ' mM + y�(T ), (4)

✓ ' mD

mM + y�(T )
. (5)

When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf

DODELSON WIDROW ORIGINAL

CALCULATION

Main assumption seems to be that g⇤ is con-
stant. Eq. (9) of DW is (https://arxiv.org/pdf/hep-
ph/9303287.pdf)

ns

na

=
1.5⇥ 1012 sin2(2✓)

p
g⇤

⇣
mS

GeV

⌘
(6)

= 1.5⇥ 106
⇣
mS

keV

⌘ ✓
sin2(2✓)
p
g⇤

◆
(7)

(CORRECT THE ABOVE) correct expression for DM
density

mX

nX

s0
=

⌦CDM⇢c

s0
(8)

using s0 ' 2891.2 cm�3, ⌦CDMh
2 = 0.1186 and ⇢c =

1.05371 h
2 ⇥ 104 eV cm�3. This implies

mX⌘X ' 4.32⇥ 10�10 GeV (9)

Since ms⌘s = 5mp⌘B ' 10�9 GeV, and ⌘s ' ns/s0.
Moreover n0

a
' 100 cm�3 and s0 ' 2900 cm�3. Therefore

the LHS of the above is

ns

na

= 30

✓
10�3 keV

ms

◆
(10)

We then find for ⌦sh
2 ' 0.1 we need

1 = 5⇥ 107
⇣
ms

keV

⌘2 sin2 2✓
p
g⇤

(11)

! sin2(2✓) ' 2⇥ 10�10 p
g⇤

✓
10 keV

ms

◆2

(12)

! sin2(2✓) ' 9⇥ 10�10

✓
g⇤(T = 100 MeV)

20

◆1/2 ✓
10 keV

ms

◆2

Mechanism gives correct DM abundance if:
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FIG. 4. Decay channels for a sterile neutrino, ⌫s, through (A) a two-body radiative process

(⌫s ! ⌫↵�) and (B) charge- and neutral-current contributions to a three-body final state.

• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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while the three-body decay rate is [90]
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Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [90], and we are only consid-

ering decays to e
+
e

� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the

specific production mechanism and dynamics in the early Universe. An irreducible and
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X-ray limits are strong
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FIG. 4. Derived upper limit on DM decay rates from com-
bined NuSTAR M31 observations. We have assumed each
DM decay produces one monoenergetic photon with energy
half the DM mass.

at 28 keV and 80 keV are already being constrainted by
INTEGRAL [29, 30]. As a result, we do not interpret
all these residuals as having an astrophysical origin. The
corresponding DM limit is set conservatively, with the
DM flux allowed to saturate the full residual, thus re-
sulting in worsened sensitivities in these regions.

Overall, we see no obvious candidates of a DM signal.
We thus proceed to derive upper limits for the DM decay
rate, following the procedure described above.

Figure 4 shows the derived constraints on the decay
rate, �. In the energies mentioned above, where we see
positive residuals, our limit is weakened. In other ener-
gies, where there are background lines, our limit is also
weakened, causing many “spikes” in the limit.

Our results are robust with respect to the choice of
DM density profiles. Because M31 is located relatively
far away from the Galactic Center in celestial coordi-
nates (⇠ 120�), the MW part of the signal is insensitive
to the choice of the MW profiles. Using di↵erent pro-
files considered in Ref. [54] only changes the expected
MW signal by ⇠ 10%, in contrast to the potential large
uncertainties when using the Galactic Center [96]. For
the M31 part, because the signal is dominated by the
0-bounce observations, which are only sensitive to the
outskirts of the M31 halo (& 10 kpc), using di↵erent halo
profiles considered in Ref. [42] changes the total sensitiv-
ity by only . 5%.

While we focus on sterile neutrino DM, the limit on
the sterile neutrino DM decay rate can be easily trans-
lated and applied to other decaying DM models. In Ap-

FIG. 5. The mixing angle-mass parameter space for sterile
neutrino DM. Our limit obtained from the combined M31 ob-
servations is shown by the blue line and the hatched region.
For comparison, we also show NuSTAR constraints from deep
sky [52] and Galactic Center [54] observations. The previ-
ous X-ray constraints are shown in the dark grey region (see
Ref. [54] for details). For sterile neutrino DM produced via
mixing, the light grey constraints from satellite counts [95]
and BBN constraints on lepton asymmetry also apply. In
this case, a finite allowed window remains, shown in white.
The red point indicates the claimed 3.5 keV line detection.

pendix B, we also derive constraints on the cross section
for annihilating DM models.

C. Constraints on Sterile Neutrino DM

We now consider the implications of our result for ster-
ile neutrino DM, one of the prime candidates for decaying
DM in the X-ray band.

1. X-ray constraints

Sterile neutrino DM, regardless of the production
mechanism, decay radiatively (� ! �+⌫) via the mixing
with active neutrinos, with a rate [8, 9]

� = 1.38 ⇥ 10�32 s�1

✓
sin2 2✓

10�10

◆⇣ m�

keV

⌘5
, (6)

where ✓ is the mixing angle with active neutrinos.
Thus, X-ray observations can be used to place model-
independent upper limits on the mixing angle [10, 11],
which is the main goal of this work.
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FIG. 5. Constraints on the sum of sterile-neutrino decay to �⌫ and ⌫e+e� using the decay widths in

Eqs. (11) and (12). The constraints from the di↵use gamma- and X-ray data are HEAO-1 (orange),

INTEGRAL (green), COMPTEL (blue), and EGRET (red). Within the solid black region, the

neutrino energy density must be greater than the observed DM density. Above (below) the black

solid line, the neutrino lifetime is shorter (longer) than the age of the Universe. Within the green

boundaries, the sterile neutrino is ruled out by Ly-↵ forest data [48, 49]. Two cases for the sterile-

neutrino energy density are assumed. In the left plot, the density is assumed to precisely equal

the DM energy density everywhere below the dark and light gray regions. In the right plot, the

density is determined by the (irreducible) DW mechanism.

UV-insensitive contribution to the abundance of sterile neutrinos arises from the so-called

Dodelson-Widrow (DW) mechanism [91] in which the neutrinos are produced via oscillations.

Thus, in the absence of new dynamics at low temperature, one finds [48]

⌦s & 0.25

✓
sin2 2✓

4.3 ⇥ 10�13

◆ ⇣
ms

MeV

⌘1.8

. (13)

Additional contributions may arise from, e.g., non-thermal production [8] or due to an

extended Higgs sector [92, 93].

In order to place model-independent bounds on the parameter space of sterile neutrinos,

we consider two di↵erent possibilities for the size of the sterile-neutrino relic abundance.

First, we consider an unspecified UV mechanism that contributes to the DM density in those

regions where the DM is under-abundant, setting ⌦⌫s = ⌦DM. Next, we assume the relic

14

Ng et al, [1901.01262]
Essig et al, [1309.4091]

Strongly excludes minimal DM production mode.
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FIG. 2. In the left and right panels we fix the mediator mass to 10 MeV and 1 MeV respectively. To address the cusp-versus-
cores and too-big-to-fail problems a parameter point should lie within the shaded blue region. Values to the left of the black
curve lead are excluded by producing an over-abundance of DM, ⌦DMh2 > 0.12. Regions to the right of the green curve are
excluded by Lyman-↵ requirements that Mhalo < 5 ⇥ 1010 M�, while regions to the right of the red solid line are excluded
by having a MFP < 50 Mpc. In the region to the right of the dashed red IceCube can perform source correlations at 3� (see
text for details). For reference the dashed green curves are contours of constant Mhalo = 105 M�, 10

7 M�, 10
9 M� from left

to right. Arrows indicate the direction in which the parameter space is allowed.

Three important observations are in order. First, the
above discussion assumes that the secluded neutrino is
present at an appreciable level in all three states, ⌫1,2,3.
If one or more of these states do not contain ⌫s, they
are not subject to the scattering process, resulting in
only partial suppression of the flux. Second, the active
relic neutrino background also scatters the UHE flux, but
with the probability suppressed by an additional factor
of sin2

✓s. Lastly, one may ask whether the active neu-
trino flux can be regenerated by subsequent scattering.
After all, each subsequent event has a ⇠ sin2

✓s probabil-
ity of producing ⌫1,2,3 and the ⌫4 neutrinos are subject
to more frequent interactions with the relic background
than in ⌫1,2,3, owing to the larger content of ⌫s. It is
important to note, however, that such regenerated flux
would have significantly lower energies, since each scat-
tering event distributes the energy of the incident UHE
neutrino between the two daughter states. E↵ectively,
this flux disappears from the ultra-high-energy spectrum.

The e�ciency of the scattering depends on the ratio
of the mediator mass m� and the center-of-mass energy
s = 2E⌫ms, where ms is the mass of the mostly-secluded
state ⌫4. Specifically, for a t-channel exchange summing
over ⌫ � ⌫ and ⌫ � ⌫̄ interactions, one has

�
t
⌫⌫(z) =

8
<

:
sin2

✓s
sg4

s

2⇡m4
�
, s ⌧ m

2
� ,

sin2
✓s

3g4
s

4⇡m2
�
, s � m

2
� .

(12)

Below the mediator mass, the interaction becomes e↵ec-
tively contact and, just like for the SM Fermi interaction,
the strength decreases with decreasing energy. For strong
absorption, we need to be in the regime s & m

2
�.

Remarkably, this is indeed realized for us. For a ⇠ 100
TeV astrophysical neutrino and a ⇠1 eV secluded neu-
trino mass, as motivated by the short-baseline anoma-
lies [71, 72], the center-of-mass energy is ⇠ 10 MeV,
which is exactly the scale of the mediator masses favored
by the velocity-dependent DM self-scattering in galactic
cores. In this case, the t-channel cross section is ⇠ 9300
fm2 (1 MeV/m�)2g4s sin2

✓s and the corresponding mean
free path (MFP) assuming the relic number density
of O(102) cm�3 is ⇠ 30 pc (m�/1 MeV)2g�4

s sin�2
✓s.

Thus, the UHE neutrinos at Icecube provide an excellent
probe of our scenario.

In their recently released three-year dataset the Ice-
Cube collaboration has reported 37 events above the at-
mospheric neutrino background with energies between 30
and 2000 TeV, with a significance of 5.7� [82]. The origin
of these high-energy neutrino events remains unknown,
though they appear to be isotropically distributed, sug-
gesting an extragalactic origin. If this is the case, the
MFP of high-energy neutrinos as they scatter on the C⌫B
cannot be too short, as most of the flux originating at
cosmological distances would not reach us. This can be
immediately seen from Fig. 3, which shows the fraction

5

Notice that the dependence on gh does not fully cancel
in this regime. The constraint on the parameters of the
model is obtained by requiring T

s�ch
rec < T

e⌫
dec:

g
2
h � M

2
T

5
0 /(T e⌫

dec)
7
. (16)

The result applies so long as T
s�ch
rec > M . The power

law Eq. (15) intersects T = M at

M ⇠ T0g
�2/5
h . (17)

For higher mediator masses, numerical treatment is re-
quired. The decoupling temperature quickly transitions
to the NR regime of Eq. (12). Eqs. (16) and (17) provide
a good description of the triangular feature seen in Fig. 5
at 10 keV . M . 100 MeV and 10�6 . gh . 10�2.

Since Vm changes sign at T ⇠ M , there is a narrow
range of temperatures where ✓m ⇠ ⇡/4. One might worry
appreciable production of ⌫h occurs in this regime. How-
ever, as will be shown elsewhere [27], this is not the case.

11. losc > lcol. – Lastly, we consider the over-damped
regime, which is responsible for low Trec on the left of
Fig. 5. We assume T � M , which will be justified a pos-
teriori. The flavor conversion rate is P (⌫a ! ⌫h)�fc ⇠

sin2 2✓(�m
2
/E)2/�fc ⇠ sin2 2✓(�m

2
/T )2M2

g
�4

T
�3.

The equilibration condition, �fc ⇠ T
2
/Mpl, becomes

T
damped
rec ⇠ T

5/7
0 M

2/7
g

�4/7
h . (18)

Thus, for light mediator masses M < T0 and su�-
ciently large coupling gh, equilibration could in fact oc-
cur below T0. Yet, this is not a viable option, as it runs
afoul of another cosmological constraint: Planck requires
[26] that most neutrinos have to be free-streaming by
the epoch of CMB formation, T ⇠ 1 eV. The criterion
for free-streaming, assuming the mediator is heavier than
1 eV, is �n ⇠ sin2 ✓g

4
hT

5
/M

4
< T

2
/Mpl (cf. [26])), or

T
FS

⇠ M(sin2 ✓g
4
hMpl/M)�1/3

. (19)

It is easy to verify that T
FS

> 1 eV and T
damped
rec < 1

MeV cannot be simultaneously fulfilled.
While this argument does not yield a constraint in

Fig. 5, it is nonetheless essential, for understanding why
the recouping temperature cannot be lowered below T0.
12. IceCube. – The framework we examine here relies

crucially on astrophysical and cosmological probes. We
ask: what if new physics couples to our sector only via
neutrino mixing? The portal of this type is particularly
feeble. In fact, until neutrinos oscillate into the hidden
sector states one has no trace of new physics. All lab-
oratory collider experiments, or searches for anomalous
rare decays, would return SM values. What one needs in
this case is a collider of oscillated neutrinos. Of course,
this sounds absurd in the context of plausible laboratory
experiments. However, nature does provide such labo-
ratories, in the form of astrophysical and cosmological
neutrinos traveling through the sea of relic neutrinos.

FIG. 4: Illustration of the absorption features in the spectrum
in the UHE astrophysical neutrinos [28].

The ultra-high energy neutrinos recently detected at
IceCube furnish an ideal experimental setup. These neu-
trinos come from sources at cosmological distances, pass-
ing through the background of relic neutrinos. In the
SM, these two populations do not see each other. This is
no longer so when the hidden force is included. The PeV
neutrinos can scatter on all mass eigenstates, with the
cross section dependent on the admixture of ⌫h in each.

For a relic neutrino with the mass matm ⇠ 0.1 eV,
the CM energy of the interaction with a PeV neutrino
is

p
2Ematm ⇠ 10 MeV, which falls right into our al-

lowed window. This highly serendipitous fact makes for
some unique observational signatures, as neutrinos which
scatter via the hidden interaction project predominantly
back into the hidden mass eigenstate and e↵ectively dis-
appear, shown in Fig. 4. In this figure we show the result
of a toy model neutrino spectrum with �⌫ / E

�2
⌫ scat-

tering through the cosmic neutrino background through
the secluded interaction. The scattering produces pure
⌫h in the final state, creating apparent absorption fea-
tures which mimic the spectral properties of the observed
IceCube data. These absorption dips occur at several en-
ergies, corresponding to the conditions for the resonant
production of A

0 for each of the neutrino mass eigen-
states, with the lightest mass eigenstate still relativistic,
exhibiting thermal broadening.

13. Results: the secluded window . – We have in-
vestigated this issue quantitatively. Fig. 5 summarizes
our findings, in the space of the hidden mediator mass
M and coupling gh, for a representative choice �m

2
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eV2, ✓ ⇠ 0.1 [12, 31, 32][36]. The dark gray regions are
excluded, by conservative criteria. The remaining win-
dow contains filled contours indicating the reach of fu-
ture experiments. As one can see, the coverage of these
experiments is complete.
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self-scattering is in the perturbative regime. Lastly and
most importantly, we point out that, thank to the active-
secluded neutrino mixing, the neutrino self-interactions
in this model modify the mean free path of Ultra-High-
Energy (UHE) neutrinos as they propagate through the
bath of relic neutrinos. We find that the bulk of the
parameter space which simultaneously resolves all dark
matter structure problems has direct observational con-
sequences for the IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–6] could be an indi-
cation that DM has non-negligible self-scattering [12].
Detailed analysis shows that a velocity-dependent in-
teraction is favored, as can be achieved with a light
force carrier. The argument proceeds as follows. The
strongest constraints on DM self-interactions come from
Milky Way ellipticity and Cluster collisions, roughly re-
quiring �XX/mX . (0.1 � 1) cm2s�1 [49–51]. Note
that these constraints are obtained from DM popula-
tions where the velocity dispersion is O(100 km/s) for
Milky Way constraints and O(1000 km/s) for cluster con-
straints. For the O(1 cm2 g�1) cross sections at dwarf
scales (O(10 km/s)), as identified by Spergel and Stein-
hardt [12], to be allowed, the self-scattering should ex-
hibits strong velocity dependence. Long-range interac-
tions mediated by an O(MeV) force carrier have pre-
cisely this feature and may thus solve the cusp-versus-
core problem while remaining consistent with the con-
straints from galactic and cluster scales [13–15, 36].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)X gauge inter-
action. There are two crucial ingredients for S⌫DM,
LS⌫DM = �L� + �LM , where the first term specifies
the nature of the DM and neutrino coupling to the new
gauge boson,

�L� = g⌫ ⌫̄s�µ⌫s�
µ + gXX̄�µX�

µ
, (1)

and the second term,

�LM = y↵
(L↵H)(hX⌫s)

⇤
, (2)

allows the new ⌫s to mass-mix with the active SM neutri-
nos in a gauge-invariant way via a U(1)X charged Higgs
hX which acquires a vacuum expectation value (VEV).
This Higgs is also responsible for giving mass to the vec-
tor, m� = gh hhXi, where gh is the gauge charge of the
Higgs and hhXi is its VEV. Note that the active neu-
trinos are contained in their electroweak (EW) doublets,

L↵ =

✓
⌫↵

`↵

◆
, where ↵ = e, µ, ⌧ .

We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [46, 52, 53]
employs similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-
sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in
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secluded neutrino mixing, the neutrino self-interactions
in this model modify the mean free path of Ultra-High-
Energy (UHE) neutrinos as they propagate through the
bath of relic neutrinos. We find that the bulk of the
parameter space which simultaneously resolves all dark
matter structure problems has direct observational con-
sequences for the IceCube experiment.
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tions mediated by an O(MeV) force carrier have pre-
cisely this feature and may thus solve the cusp-versus-
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fermion, X, charged under a new U(1)X gauge inter-
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trinos are contained in their electroweak (EW) doublets,
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We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [46, 52, 53]
employs similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-
sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
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Dips in flux @ IceCube

• Charging sterile neutrinos under a new U(1) can reconcile eV sterile neutrinos with 
cosmology. 

• Same boson mediates DM self interactions, and neutrino self-interactions. 



Conclusions

• Dark Matter may be a part of a whole new sector of particles 
and interactions. 

• Cast a wide net: re-use existing data, propose new analyses, new 
searches, new experiments. 

• We need to simultaneously expand the theoretical terrain 
and to widen the experimental search strategies if we are 
going to uncover the New Standard Model.
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Figure 5: Constraints on the DM mass m� and the dark scalar mass mS . We have fixed
✓e = 0.031, ✓µ,⌧ = 0; ✓µ = 0.011, ✓e,⌧ = 0; and ✓⌧ = 0.044, ✓e,µ = 0 (from top to bottom),
considering yL = 1 and 4⇡. Along the blue line the DM relic density matches the observed
value. The coloured shaded regions are excluded by di↵erent experiments, while the hatched
areas correspond to prospective sensitivities of future experiments. The lower bound m� &
10 MeV is set by observations of the CMB and BBN. See text for further details.
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Figure 3: One-loop diagrams (in unitary gauge) contributing to annihilation of DM into
charged lepton-antilepton pairs `↵`� , ↵,� = e, µ, ⌧ . The indices i and j run from 1 to 4.

where ✓W is the Weinberg angle and aZ is the e↵ective coupling, which in the limit of zero
external momenta is given by
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These contributions have been also computed using a combination of packages: FeynRules [89,
90] to produce a model file, FeynArts [91] for generating the diagrams and FormCalc [92] for
computing their numerical contributions. For numerical evaluation of the Passarino-Veltman
functions we have used LoopTools [92]. We have also considered the limit of zero external mo-
menta, which e↵ectively corresponds to the limit of small DM and charged lepton masses, and
confronted the analytical results obtained in this approximation using the package ANT [93]
with the LoopTools results. For DM masses between 1 MeV and 100 GeV that we are inter-
ested in, the approximation works very well. The availability of analytical expressions allows
for an easier exploration of the parameter space.

In Fig. 4, we present the cross sections for annihilation of DM into e
+
e
�, µ

+
µ
�, and

⌧
+
⌧
� for benchmark values of the model parameters. We fix mS = 3m�, m4 = 400 GeV,

yL = 1, ✓e = 0.031, and ✓µ,⌧ = 0. As can be seen from the left panel, the annihilation cross
sections to charged leptons are several orders of magnitude smaller than the cross section for
DM annihilation into neutrinos. The di↵erence in the cross sections becomes smaller when
the DM mass approaches mZ/2, and the cross sections for �� ! `

+
`
� exhibit a resonant

behaviour due to the second diagram in Fig. 3. In the right panel, we show the indirect
detection constraints from Planck [66, 67] and Fermi-LAT [65]. Note that those constraints
assume a 100% annihilation rate into a single SM channel. Even for yL = 4⇡ the resulting
annihilation cross sections into charged leptons are well below the experimental constraints.
Thus, the considered realisation of the neutrino portal does provide an example of a gauge-
invariant model in which the neutrino-DM interactions dominate DM phenomenology.

At one-loop level DM also interacts with quarks via diagrams involving Z and h, which
are analogous to those in Fig. 3. The corresponding e↵ective DM-nucleon spin-independent
scattering cross section reads [45]

�n =
µ
2
n

⇡

(Zfp + (A� Z) fn)
2

A2
, (5.8)

where µn is the reduced mass of the nucleon, A is the total number of nucleons in a nuclei, Z
is the number of protons,

fp =
�
4 sin2 ✓W � 1

� GFaZ
p
2

, fn =
GFaZ
p
2

, (5.9)
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These contributions have been also computed using a combination of packages: FeynRules [89,
90] to produce a model file, FeynArts [91] for generating the diagrams and FormCalc [92] for
computing their numerical contributions. For numerical evaluation of the Passarino-Veltman
functions we have used LoopTools [92]. We have also considered the limit of zero external mo-
menta, which e↵ectively corresponds to the limit of small DM and charged lepton masses, and
confronted the analytical results obtained in this approximation using the package ANT [93]
with the LoopTools results. For DM masses between 1 MeV and 100 GeV that we are inter-
ested in, the approximation works very well. The availability of analytical expressions allows
for an easier exploration of the parameter space.

In Fig. 4, we present the cross sections for annihilation of DM into e
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�, and
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yL = 1, ✓e = 0.031, and ✓µ,⌧ = 0. As can be seen from the left panel, the annihilation cross
sections to charged leptons are several orders of magnitude smaller than the cross section for
DM annihilation into neutrinos. The di↵erence in the cross sections becomes smaller when
the DM mass approaches mZ/2, and the cross sections for �� ! `
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� exhibit a resonant

behaviour due to the second diagram in Fig. 3. In the right panel, we show the indirect
detection constraints from Planck [66, 67] and Fermi-LAT [65]. Note that those constraints
assume a 100% annihilation rate into a single SM channel. Even for yL = 4⇡ the resulting
annihilation cross sections into charged leptons are well below the experimental constraints.
Thus, the considered realisation of the neutrino portal does provide an example of a gauge-
invariant model in which the neutrino-DM interactions dominate DM phenomenology.

At one-loop level DM also interacts with quarks via diagrams involving Z and h, which
are analogous to those in Fig. 3. The corresponding e↵ective DM-nucleon spin-independent
scattering cross section reads [45]
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DM in the Sun

• If DM is strongly asymmetric, it simply accumulates (i.e. annihilation is 
negligible)   => Large abundance of DM in the Sun but how do we search 
for it? 

• If mildly asymmetric, can set new limits 
on ADM from solar annihilation [IMS, 
Murase 2016].

• => Can look for a modified matter potential for solar neutrinos. 

• Standard WIMPs accumulate, start 
annihilating. Searches for high-E 
neutrinos from solar core.
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Boosted DM at 
Neutrino Detectors

Figure 6. Experimental sensitivities in the dark photon model parameters mX � ✏. Our limits are given

by BDM searches in the elastic electron scattering channel arising in the benchmark model described in (4.5).

The left (right) panel exhibits the result for the case where the dark photon X decays invisibly (visibly), with

one-year data collection from all sky. The brown-shaded regions show the current excluded parameter space

by 90% C.L., according to the reports in Refs. [51] (left panel) and [52] (right panel). For both cases, the

dark-sector gauge coupling g is set to be unity for simplicity.

The first term describes the kinetic mixing between U(1)EM and U(1)X parameterized by the small
number ✏. Fµ⌫ and Xµ⌫ are the field strength tensors for the ordinary photon and the dark photon,
respectively. The second term with the associated interaction strength parameterized by gD determines
the coupling of the dark sector to the SM sector, mediated by the dark photon Xµ.

In the left (right) panel of Fig. 6, we show the experimental sensitivity in terms of the dark photon
mass and the kinetic mixing parameter, i.e., mX�✏, for the case where the dark photon predominantly
decay invisibly (visibly). Assuming one-year (e↵ectively, Df -year) data collection from the whole sky,
we consider the total combinations of detectors at ProtoDUNE (red solid curves) and SBN Program
(blue dot-dashed curves). To find the boundary values along the curves, we fixm1, m0 (or, equivalently,
�1m1 for the pair-annihilation of non-relativistic �0 to a �1 pair), and the dark-sector gauge coupling
(taking gD = 1), followed by numerically computing the ✏ value for a given mX to yield the associated
N90 signal events with the Eth for electron taken into account. Note that the brown-colored areas
denote the current ruled-out parameter regions by 90% C.L. whose boundary values are obtained in
Refs. [51] (left panel) and [52] (right panel). We see that searches in the elastic electron scattering
channel enable to probe parameter regions unexplored by past experiments with about an order of
magnitude better sensitivity. Here ProtoDUNE-total and SBN Program-total show similar parameter
reaches due to their comparable fiducial volumes.

While the previous analysis scheme constrains the sector relating �1 with SM particles, one can
interpret the same set of data, focusing on the sector connecting �0 and �1. As the first example,
in Fig. 7, we demonstrate the number of signal events per year (in red contours) for all-sky data
(left panel) and 30�-cone data (right panel) in the standard parameterization of m0 versus m1, fixing
Vfid = 0.5 kt, mX = 20 MeV, and gD · ✏ = 4 ⇥ 10�4.11 Our choice of mX and ✏ is safe from current
experimental bounds formX < 2m1 [51]. The dark gray-shaded area represents the 90% C.L. exclusion
bound inferred from the atmospheric neutrino measurement in Ref. [53, 54] for which data over the

11 Df = 0.69 corresponding to CERN, the location of the ProtoDUNE detectors, is assumed.
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Figure 3. The minimal BDM scenario and elastic scattering of boosted (lighter) DM at a detector.

is similar to one-day exposure in the case of the Sun. The angle between celestial north and Galactic
north is 62.87�, i.e., ↵ = 62.87�, with respect to the GC and we estimate our solar system is located at
� = 57.8� from Eq. (3.7). Our benchmark detectors mentioned in Sec. 2 are or will be at Fermi National
Accelerator Laboratory or CERN whose latitudes are 41.8� and 46.3�, or equivalently, �FNAL = 48.2
and �CERN = 43.7, respectively. Plugging angle values, we find that Df ’s for SBN detectors and
ProtoDUNE detectors are 0.66 and 0.69, correspondingly.

4 Phenomenology

Armed with the experimental strategy, “Earth Shielding” delineated in the previous section, we devote
this section to discussions on several applications. We begin with enumerating applicable physics
scenarios followed by reviewing briefly our benchmark DM model, two-component BDM scenario, to
apply our proposal, and then exhibit phenomenologically intriguing example analyses relevant to the
benchmark model.

4.1 Applicable Scenarios

We recall that the threshold energies of (most) surface-based detectors enumerated in Table 1 are
O(10MeV). Therefore, the most promising signals arise from the scattering of boosted SM-sector or
dark-sector objects transferring energy above these thresholds to the target. An example for the former
category is the conventional DM annihilation into a neutrino-antineutrino pair (⌫⌫̄). Such neutrino
events have been studied in various literature [31–34] as an indirect signal of DM, coming from the
GC or the Sun, at the underground neutrino experiments as stated in the previous section. We leave
a dedicated study for this scenario to a future project [35] and focus on the other new possibility. One
of the representative examples belonging to the latter category, which we shall take as our benchmark
DM scenario, is the relativistically produced lighter DM in models of two-component DM [8, 9]. We
will show that various phenomenological studies with this benchmark scenario benefit from the “Earth
Shielding” even though we are forced to sacrifice some portion of signal data.

Let us give a concise review on essential features of the minimal BDM scenario. For the two-
component DM models,9 the heavier one, say �0, has no direct interaction with the SM sector but
only through the lighter one, say �1. The assisted freeze-out mechanism [9] dictates the observed relic
abundance, which is dominated by the heavier DM component in typical cases, and the cosmological
and astrophysical features are mostly the same as those in conventional scenario of weakly interacting
massive particle (WIMP). As shown in Fig. 3, in the present universe, �0 can pair-annihilate into a
pair of �1’s. We are interested in the scenario where the �1 comes with a large boost factor due to

9
The stability of the two DM species is often ensured by separate symmetries such as Z2 ⌦ Z0

2 and U(1)
0 ⌦ U(1)

00
,

e.g. the model in Ref. [9].
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